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The TaO+ molecular ion is proposed as a candidate system for detecting signatures of charge
parity (CP) violating physics beyond the standard model of elementary particles. The electron
electric dipole moment (EDM) effective electric field Eeff = 20.2
[
GV
cm
]
, the nucleon-electron scalar-
pseudoscalar (ne-SPS) interaction constant WS = 17.7 [kHz] and the nuclear magnetic quadrupole
interaction constantWM = 0.45 [
1033Hz
e cm2
] are found to be sizeable P , T -odd enhancements. The ratio
of the leptonic and semi-leptonic enhancements differs strongly from the one for the ThO system
which may provide improved limits on the electron EDM, de, and the SPS coupling constant, CS .
TaO+ is found to have a 3∆1 electronic ground state like the previously proposed ThF
+ molecular
ion, but an order of magnitude smaller parallel G-tensor component which makes it less vulnerable
to systematic errors in experiment.
INTRODUCTION
In the search for physics beyond the standard model (BSM) of elementary particles electric
dipole moments (EDMs) of atomic and molecular systems are a powerful probe in the low-energy
regime [1]. The corresponding spatial parity (P) and time-reversal (T ) non-conserving interactions
may have multiple fundamental sources [2–4] and are themselves, assuming CPT -conservation,
manifestations of charge-parity (CP) violation beyond that already incorporated into the SM [5].
Due to the possibility of having different sources contribute to a P , T -odd effect in an atomic-
scale system, ideally multiple positive measurements on different systems with different dependency
on underlying sources should be sought for [6, 7]. One way of making progress is, therefore, the
investigation of new systems that display favorable physical properties in the search for EDMs.
Measurements and many-body calculations on electronically paramagnetic molecular systems
with low-lying 3∆1 electronic states currently lead to strong constraints on the electron electric
dipole moment, de, and the scalar-pseudoscalar nucleon-electron coupling constant, CS [8–11]. In
addition, this kind of paramagnetic molecules also allows for constraining P , T -odd hadron physics,
originating in the quantum chromodynamics (QCD) (CP)-violating parameter Θ˜ [12], EDMs of
the u and d quarks, du,d, and via chromo-EDMs, d˜u,d [13]. In this context, the interaction of a
nuclear magnetic quadrupole moment (MQM) with electronic magnetic fields has been addressed
for molecules containing strongly deformed thorium and tantalum nuclei [14–17].
In the present paper, the TaO+ molecular ion is investigated with four-component relativistic
all-electron methods including the effects of inter-electron correlations and proposed as a promising
candidate system for measurement of an EDM or for further constraining (CP)-odd BSM parame-
ters through an experimental null result. Molecular properties for low-lying electronic states as well
as relevant P , T -odd interaction constants for the potential “science state”, 3∆1, are presented.
METHODS
The electron EDM interaction constant is evaluated as proposed in stratagem II of Lindroth et
al. [18] as an effective one-electron operator via the squared electronic momentum operator,
Eeff :=
2ıc
e~
〈ΨΩ|
n∑
j=1
γ0j γ
5
j ~pj
2 |ΨΩ〉 (1)
with n the number of electrons and j an electron index, as described in greater detail in reference
[19]. The EDM effective electric field is related to the electron EDM interaction constant Wd =
− 1Ω Eeff.
The ne-SPS interaction constant is defined and implemented [20] as
WS :=
ı
Ω
GF√
2
Z 〈ΨΩ|
n∑
j=1
γ0j γ
5
j ρK(~rj) |ΨΩ〉 (2)
where GF is the Fermi constant, Z is the proton number and ρK(~rj) is the nuclear charge density
at position ~rj , normalized to unity.
The parallel magnetic hyperfine interaction constant is defined as follows:
A|| =
µK
IΩ
〈ΨΩ|
n∑
i=1
(
~αi × ~riK
r3iK
)
z
|ΨΩ〉 (3)
where ~α is a vector of Dirac matrices and ~riK is the position vector relative to nucleus K. Further
details can be found in reference [11].
The nuclear MQM interaction constant has been implemented in reference [14] and can be
written as
WM =
3
2Ω
〈ΨΩ| − 1
3
n∑
j=1
{[
α1(j)
∂
∂r2(j)
− α2(j) ∂
∂r1(j)
]
r3(j)
r3(j)
}
|ΨΩ〉 . (4)
2
In this case, rk(j) denotes the k-th cartesian component of vector r for particle j (idem for α).
Finally, the parallel component of the electronic G-tensor for a linear molecule is defined as
G|| =
1
Ω
〈
ΨΩ|Lˆenˆ + gsSˆenˆ|ΨΩ
〉
(5)
for the N -electron wavefunction ΨΩ in irreducible representation Ω, with Lˆ
e
nˆ = Lˆ
e · nˆ where nˆ is a
unit vector along the molecular axis and gs = −ge = 2.00231930436182 is the free-electron g-factor
[21].
RESULTS
Technical details
A local version of the DIRAC15 program packages [22, 23] has been used for all presented cal-
culations, extended to allow for the calculation of expectation values over the various reported
property operators [11, 14, 19, 20]. In all calculations the speed of light was set to 137.0359998
a.u.
Fully uncontracted all-electron atomic Gaussian basis sets of triple-ζ quality were used for the
description of electronic shells, in the case of tantalum Dyall’s basis set [24, 25] and for oxygen
the Dunning cc-pVTZ-DK set [26]. For tantalum valence- and core-correlating exponents were
added, amounting to {30s, 24p, 15d, 11f, 3g, 1h} uncontracted functions. In electron-correlated
calculations the virtual spinor space has been truncated at 30 a.u.
The two correlated wavefunction models used in the present work, for which the Dirac-Coulomb
Hamiltonian
HˆDC =
∑
A
N∑
i
[
c(~α · ~p)i + βim0c2 + ViA114
]
+
N∑
i,j>i
1
rij
114 +
∑
A,B>A
VAB , (6)
is diagonalized, are denoted MR+T12 -CISD(N), where ~α is a cartesian vector of Dirac matrices,
ViA is the potential-energy operator for electron i in the electric field of nucleus A, 114 is a unit
4× 4 matrix and VAB represents the potential energy due to the internuclear classical electrostatic
repulsion of the clamped nuclei, and N is the number of explicitly correlated electrons. For the
model MR+T12 -CISD(10) the model parameter n = 3 is used in the present work. Details are to be
found in reference [14].
For the determination of the nuclear magnetic hyperfine coupling the tantalum isotope 181Ta
is used for which the nuclear magnetic moment is µ = 2.361µN [27]. Its nuclear spin quantum
number is I = 7/2.
Results and discussion
Energetics and spectroscopic properties
Important characteristics of the active set of molecular four-spinors are displayed in Table I.
The large similarities with the isoelectronic TaN system [14] are not surprising, but a number of
important differences require special attention.
The energy difference
∣∣∣εσ6s − εδ5d
3/2
∣∣∣ = 0.014EH (Kramers pairs 40 and 41) is significantly
smaller than in TaN (0.031EH) and is a consequence of the increased nuclear charge on the
neighboring light atom in TaO+: An electron in a more diffuse Ta-localized 5d3/2 (or likewise
5d5/2) state experiences a greater stabilisation due the higher mean electrostatic potential than
an electron in a more compact Ta-localized 6s1/2 state, leading to a differential energy shift of
−0.017EH ≈ −3730 cm−1. This relative stabilization of the Ta(5d) spinors in TaO+ is largely
responsible for the change of electronic ground state compared to TaN, since the relative valence
spinor occupation between the two states (1Σ+0 and
3∆1) predominantly corresponds to a transition
σ16s(1/2) ↔ δ15d(3/2).
3
TABLE I: Characterization of important active-space Kramers pairs in terms of orbital angular momentum
projection, Dirac-Coulomb Hartree-Fock spinor energy, and principal atomic shell character based on a
Mulliken population analysis at 3.1a0 internuclear distance; the Kramers pairs numbered 29-35 represent
the Ta(4f) shell.
No. |mj |
∣∣∣∣
〈
ℓˆz
〉
ϕi
∣∣∣∣ εϕi [EH ] atomic population, Atom(ℓλ)
25 1/2 0.000 −3.507 99% Ta(s)
26 1/2 0.592 −2.337 38% Ta(pσ), 59% Ta(pπ)
27 1/2 0.401 −2.028 51% Ta(pσ), 40% Ta(pπ)
28 3/2 1.000 −1.981 100% Ta(pπ)
...
...
...
...
...
36 1/2 0.006 −1.425 84% O(s), 7% Ta(pσ), 5% Ta(dσ)
37 1/2 0.021 −0.755 70% O(pσ), 16% Ta(dσ)
38 1/2 0.979 −0.737 74% O(pπ), 20% Ta(dπ)
39 3/2 1.000 −0.736 76% O(pπ), 20% Ta(dπ)
40 1/2 0.001 −0.570 79% Ta(s), 17% Ta(dσ)
41 3/2 1.994 −0.556 100% Ta(dδ)
42 5/2 2.000 −0.555 100% Ta(dδ)
43 1/2 0.846 −0.175 53% Ta(pπ), 28% Ta(dπ), 8% Ta(pσ)
44 3/2 1.003 −0.161 63% Ta(pπ), 33% Ta(dπ)
45 1/2 0.154 −0.151 44% Ta(pπ), 26% Ta(dσ), 9% Ta(dπ), 7% Ta(dσ)
46 1/2 0.991 −0.071 55% Ta(pπ), 33% Ta(dπ), 9% O(pπ)
47 3/2 1.003 −0.069 54% Ta(pπ), 35% Ta(dπ), 8% O(pπ)
Also in contrast to TaN (8% contribution) [14] and the corresponding spinor in the YbF molecule
(13%) [28] a p-wave contribution to the valence σ6s1/2 spinor is quite small (≈ 3%) in the TaO+
system. The fractionally occupied σ6s1/2 spinor is more strongly stabilized by an increase of
nuclear charge on the neighboring atom than the virtual σ6p
1/2
spinor (Kramers pair 43). As a
consequence, the energy gap is increased and mixing of s- and p-waves reduced in TaO+. This fact
has implications for the size of P , T -odd matrix elements in the 3∆1 state and will be discussed in
a following subsection.
Important information for experimentally preparing the system in the science state is given by
the molecular constants, transition energies, and transition dipole moments for an ensemble of
energetically low-lying electronic states. The seven lowest electronic states have been addressed
in this work. An analysis of the corresponding CI wavefunctions and results for spectroscopic
constants of these states are shown in Table II. Corresponding potential-energy curves are displayed
in Fig. 1.
It is firmly established that 3∆1 (σ
1
6s(1/2)Ta
δ15d(3/2)Ta) is the electronic ground state of the TaO
+
molecular ion. The excitation energy of the 1Σ+0 state – the electronic ground state in the TaN
system – of more than 3700 [cm−1] is much too large to leave doubt about the principal state
ordering. As a further confirmation of the above-discussed effect that leads to this state ordering,
the spin-orbit splitting within the 3∆ multiplet is here about 20% larger than in TaN, which is
again due to the increased nuclear charge on the neighboring light atom.
P , T -Odd Properties, Hyperfine Interaction and G-Tensor
Since TaO+ is an electronically paramagnetic system, the dominant sources of a potential P , T -
odd effect are leptonic and semi-leptonic [2]. Among these, the pseudoscalar-scalar (PSS) and
tensor-pseudotensor (TPT) contributions to the molecular EDM are estimated to be at least three
orders of magnitude smaller than the ne-SPS contribution for many underlying models of (CP)-
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TABLE II: Characterization of electronic ground and energetically lowest-lying excited states at an in-
ternuclear distance of R = 3.1 a0; the wavefunction model used is MR
+T
12 -CISD(10). The percentage is
calculated as 100 ×
∑
j
|Cj |
2 for a normalized CI wavefunction, where j denotes a Slater determinant and
the sum runs over determinants of the respective configuration. Spectroscopic constants; Re the equilib-
rium internuclear distance, ωe the harmonic vibrational frequency, Be the rotational constant, and Te the
equilibrium excitation energy
2S+1ΛΩ λ
o
nℓ(ω)Atom
, ω = |mj |, o: occupation Re [a.u.] ωe [cm
−1] Be [cm
−1] Te [cm
−1]
3∆1 88% σ
1
6s(1/2)Ta
δ15d(3/2)Ta 3.161 1091 0.410 0
3∆2 59% σ
1
6s(1/2)Ta
δ15d(3/2)Ta , 29% σ
1
6s(1/2)Ta
δ15d(5/2)Ta 3.160 1092 0.410 1318
3∆3 88% σ
1
6s(1/2)Ta
δ15d(5/2)Ta 3.160 1093 0.410 3270
1Σ+0 52% σ
2
6s(1/2)Ta
, 32% δ25d(3/2)Ta , 2% δ
2
5d(5/2)Ta
3.165 1086 0.409 3759
3Σ+0 12% σ
2
6s(1/2)Ta
, 40% δ25d(3/2)Ta , 35% δ
2
5d(5/2)Ta
3.170 1071 0.408 8265
3Σ+1 88% δ
1
5d(3/2)Ta
δ15d(5/2)Ta 3.174 1061 0.407 8409
1∆2 27% σ
1
6s(1/2)Ta
δ15d(3/2)Ta , 57% σ
1
6s(1/2)Ta
δ15d(5/2)Ta 3.149 1101 0.413 11458
FIG. 1: Potential energy curves for the lowest-lying electronic state of TaO+, using the CI model MR+T12 -
CISD(10), cutoff 30 a.u. The energy offset is −15671 EH .
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violation [29], leaving the electron EDM and ne-SPS interaction as the main contributors.
At the calculated equilibrium internuclear distance and the best level of theory, the effective
electric field for TaO+ is Eeff = 20.2
[
GV
cm
]
(see Table III) which is about 45% smaller than the
value for TaN [14, 15]. The reason for this is the smaller p-wave contribution to the valence σ6s1/2
spinor in TaO+, leading to a smaller P-odd matrix element. Eeff for TaO+ is about 27% of the
value in the corresponding state for thorium monoxide [9, 10] which currently yields the strongest
constraints on underlying BSM parameters [8]. The ne-SPS interaction constant in Table III
is WS = 17.7 [kHz], again about 45% smaller than the value for TaN which confirms internal
consistency of the acquired results.
However, the two corresponding interaction constants Wd and WS should be considered jointly
when bounds on underlying (CP)-odd parameters are to be extracted [30]. Interestingly, the ratio
Wd/WS = 276
[
1018
e cm
]
found in the present work differs strongly from the respective ratios for the
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TABLE III: Molecular electric dipole moment, EDM effective electric field, magnetic hyperfine interaction
constant, scalar-pseudoscalar electron-nucleon interaction constant, nuclear magnetic quadrupole inter-
action constant and parallel g-tensor component at two internuclear distances R and with two different
wavefunction models for the electronic ground state 3∆1 (Ω = 1)
CI Model, R D [Debye] Eeff
[
GV
cm
]
A|| [MHz] WS [kHz] WM [
1033Hz
e cm2
] G|| [a.u.]
MR+T12 -CISD(10), 3.1 a0 −3.91 17.6 −4537 15.7 0.38 0.0024
MR+T12 -CISD(18), 3.1 a0 −3.85 20.7 −4593 18.4 0.46 0.0025
MR+T12 -CISD(10), 3.1609 a0 −4.08 17.0 −4492 15.1 0.37 0.0030
MR+T12 -CISD(18), 3.1609 a0 −4.01 20.2 −4544 17.7 0.45 0.0032
ThO system [9], Wd/WS = 172
[
1018
e cm
]
and the ThF+ system [20], Wd/WS = 176
[
1018
e cm
]
. With the
present dominant sources the P , T -odd energy shift is written as
∆εP,T =
1
2
(Wd de +Wc CS) 〈n · ez〉 (Eext) (7)
where n is the unit vector along the molecular axis and the external electric field is assumed to be
along the z axis in the laboratory frame. The parameterWc is related toWS asWc =
A
2Z WS , where
A is the nucleon and Z is the proton number [31]. This means that an accurate measurement of an
upper bound to ∆εP,T (TaO
+) in combination with the present values for the interaction constants
Wd and WS and the corresponding data for the ThO system would lead to stronger constraints on
the BSM parameters de and CS .
The nuclear MQM interaction constantWM = 0.45 [
1033Hz
e cm2 ] for TaO
+ given in Table III is about
40% smaller than the one for the isoelectronic TaN system [14], but still sizeable. In combination
with an accurate measurement of a P , T -odd energy shift in the molecular ion it could be used to
constrain nuclear (CP)-odd BSM parameters. Following the calculations in Ref. [16] the expected
energy shift in 181TaO+ due to |WM M |, where M is the nuclear magnetic quadrupole moment,
is < 150µHz with respect to the proton EDM, |dp|, as an underlying source. Correspondingly,
taking the limits on the QCD (CP)-violating parameter |Θ˜| and the difference of the quark chromo-
EDMs, |d˜u − d˜d|, the shifts |WM M | correspond to < 70µHz and < 100µHz, respectively. Given
that the current uncertainty on the P , T -odd energy shift of 800µHz in ThO could ultimately be
improved by two orders of magnitude [8, 32], an experiment of similar accuracy on TaO+ would
probe (CP)-violating physics in the hadron sector.
The parallel component of the G-tensor in the 3∆1 state of TaO
+, G|| = 0.0032 a.u., is very
small, even for a 3∆ molecule in the Ω = 1 state, and has about the same size as G|| in ThO (
3∆1)
[33]; the experimental value is gH = 0.0044 a.u. [34]. For comparison, G|| ≈ 0.03 a.u. for ThF+
(3∆1) is an order of magnitude larger [33, 35]. The present finding is reasonable because there is
no electronic state available in TaO+ within an energy window of more than 10000 cm−1 allowed
to mix with 3∆1 via second-order spin-orbit interaction selection rules, see Tables II and IV. Due
to this small mixing G|| is close to gs − 2. This situation is qualitatively different in the ThF+
system [20].
A consistent trend is observed for the parallel magnetic hyperfine constants when comparing
TaO+ with three other molecular EDM candidates. On the absolute, A|| for
229Th increases by
about 45% from ThO [11] to the isoelectronic ion with the heavier partner nucleus, ThF+ [20].
Likewise, the replacement of the nitrogen by an oxygen nucleus on the neighboring atom increases
A|| for
229Ta by about 54%. A corresponding measurement would reveal how well the spin density
close to the heavy nucleus is described by the present molecular wavefunctions which in turn would
yield information on the accuracy of the presented P , T -odd interaction constants.
Finally, the center-of-mass molecular static electric dipole moment in TaO+ (3∆1) of −4.01 [D]
is large and allows for near complete polarization of the system in weak external electric fields, for
instance by the use of ion traps and rotating electric fields [36].
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TABLE IV: Molecule-frame static electric dipole moments
〈
MΛΩ|Dˆz|
MΛΩ
〉
, transition dipole moments∣∣∣
∣∣∣
〈
MΛ
′
Ω| ~ˆD|
MΛΩ
〉∣∣∣
∣∣∣, with ~ˆD the electric dipole moment operator (both in Debye units), using the model
MR+T12 -CISD(10). The origin is at the center of mass, and the internuclear distance is R = 3.1609 [a0] (O
nucleus placed at z~ez with z > 0). Transition dipole moments smaller than 10
−7 Debye are not shown.
MΛΩ State
3∆1
3∆2
3∆3
1Σ+0
3Σ+0
3Σ+1
1∆2
3∆1 −4.077
3∆2 0.041 −4.044
3∆3 − 0.041 −4.043
1Σ+0 0.036 − − −4.109
3Σ+0 0.108 − − 0.716 −4.960
3Σ+1 0.006 0.087 − 0.040 0.000 −5.341
1∆2 0.131 0.131 0.098 − − 0.071 −3.309
CONCLUSION
In the present work a new molecular ionic system is proposed as a candidate for the detection of
an EDM signal. TaO+ provides all the advantages of molecules in 3∆1 states exploited in leading
EDM experiments [8, 36] and may be used for probing (CP)-violation beyond the standard model
in both the lepton and the hadron sectors. The obtained P , T -odd molecular enhancements are
smaller than the ones in the ThO and the isoelectronic TaN systems, but this disadvantage may be
overcompensated by the fact that the 3∆1 state is the electronic ground state of TaO
+, allowing
for an in principle infinite measurement time. The only other paramagnetic molecule currently
considered for EDM experiments which has a 3∆1 ground state is ThF
+ [20, 37]. However, TaO+
only has a factor of 2-3 smaller P , T -odd constants but an order of magnitude smaller magnetic
moment in 3∆1 than the latter.
In reference [16] the TaN system has been graded as “especially promising”. Given the present
findings, the isoelectronic TaO+ system is even more so.
The Agence Nationale de la Recherche (ANR) through grant no. ANR-BS04-13-0010-01, project
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